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Role  of  Thermochemical  Decomposition  in  Energetic  Material 
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Abstract:  Catastrophic  initiation  of  an  energetic  material  consists  of  a  complex,  interactive,  sequential  train  of 
mechanistic  mechanical,  physical,  and  chemical  processes  which  occur  over  a  finite  time  period  and  proceed 
from  macroscopic  into  sub-microscopic  composition  levels  (bulk  >  crystalline  >  molecular  >  atomic). 

Initiation  results  when  these  processes  proceed  at  a  rate  which  generates  sufficient  energy  (heat)  to  reach  a 
threshold  stage  within  this  finite  time  period.  Thus,  the  rate  at  which  these  mechanistic  processes  occur 
defines  initiation  sensitivity  and  affects  performance.  Thermochemical  decomposition  processes  regulate  the 
rate  at  which  heat  energy  is  released  at  the  molecular  level,  and  therefore  to  some  extent,  control  energetic 
material  initiation  sensitivity  and  performance  characteristics.  Kinetic  deuterium  isotope  effect  (KDIE)  data, 
obtained  during  the  ambient  pressure  thermochemical  decomposition  process,  identifies  the  mechanistic  rate¬ 
controlling  bond  rupture  which  ultimately  regulates  the  energy  release  rate  of  a  given  energetic  material.  This 
same  rate-controlling  bond  rupture  also  appears  as  a  significant  rate-limiting  feature  in  higher  order 
deflagration,  combustion,  and  explosion  phenomena.  The  effect  the  KD IE-determined  rate-controlling  bond 
rupture  exerts  on  initiation  sensitivity,  and  its  potential  influence  in  combustion  and  explosion  performance  is 
delineated. 

Keywords:  energetic  material,  thermochemical  decomposition,  kinetic  deuterium  isotope  effect, 
KDIE,  initiation  sensitivity,  performance 


Introduction 

Initiation  of  an  energetic  material  to  a  catastrophic  event,  like  that  reflected  in  deflagration, 
combustion,  thennal  explosion,  and  especially  detonation  phenomena,  occurs  when  a  mechanical 
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or  thermal  stimulus  launches  a  sequential  train  of  interactive  mechanistic  mechanical,  physical, 
and  chemical  processes.  These  mechanistic  processes  proceed  over  a  finite  time  period  during 
which  they  sequentially  pass  from  the  macroscopic  to  sub-microscopic  compositional  levels  ( i.e . 
bulk,  crystalline,  molecular,  atomic)  [1].  Because  of  the  many  interactive  processes  involved 
with  the  energetic  material  initiation  train  sequence,  and  with  the  resultant  sensitivity  and 
performance  characteristics,  isolating  any  one  process  to  elucidate  its  mechanistic  contribution  is 
quite  difficult. 

Use  of  the  kinetic  deuterium  isotope  effect  (KDIE)  approach  to  investigate  ambient  pressure 
thennochemical  decomposition  processes  permits  one  to  isolate  and  to  determine  the  rate¬ 
controlling  mechanistic  feature  which  occurs  at  the  molecular  level  [1,2].  For  a  given  energetic 
material,  extension  of  the  KDIE  into  higher  order  phenomena  reveals  that  this  same  rate¬ 
controlling  feature,  observed  during  ambient  pressure  thennochemical  decomposition,  is 
mirrored  in  the  rapid  energy-releasing  behavior  of  deflagration,  combustion,  thennal  explosion, 
and  detonation  phenomena  [3]  which  proceed  through  all  or  most  composition  levels  [1]. 
Significant  mechanistic  clues  to  the  relationship  of  thennochemical  decomposition  to  energetic 
material  initiation  sensitivity  and  performance  characteristics  can  be  achieved  using  the  KDIE 
approach. 

Discussion 

An  overview  of  the  mechanistic  processes  and  their  contribution  to  energetic  material 
initiation  and  propagation  to  a  catastrophic  event  provides  a  perspective  for  relating 
thennochemical  decomposition  to  energetic  material  sensitivity  and  perfonnance.  A  detailed 
review  of  KDIE  investigations  with  ambient  pressure  thennochemical  decomposition  processes, 
and  with  higher  order  deflagration,  combustion,  and  explosion  phenomena,  then  reveals  the 
mechanistic  details  of  a  relationship  which  rapid  thennochemical  decomposition  has  with 
sensitivity  properties  and  performance  characteristics.  An  updated  general  concept  concerning 
energetic  material  sensitivity  and  initiation  [1]  provides  the  framework  for  this  discussion. 
General  Concept  Concerning  Energetic  Material  Initiation  and  Sensitivity  [1], 

Depending  upon  the  sensitivity  properties  of  a  given  energetic  material,  a  mechanical  or 
thennal  stimulus  applied  to  it  can  result  in  the  initiation  of  a  catastrophic  energy-releasing 
thennal  event.  Initiation  of  an  energetic  material  into  a  catastrophic  event,  even  with  a 
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mechanical  stimulus,  is  a  heat-driven  event  [1,  4].  The  initiation  of  an  energetic  material  is 
viewed  as  a  sequential  train  of  interactive  mechanistic  mechanical,  physical,  and  chemical 
processes  which  occur  over  a  finite  time  period  and  which  proceed  from  the  macroscopic  to  sub- 
microscopic  scale  levels  (bulk,  crystalline,  molecular,  atomic).  These  mechanistic  processes 
perform  three  necessary  functions  in  the  sequential  initiation  train  [1], 

The  first  mechanistic  function  is  the  formation  of  a  physical  environment  and/or  the  use  of  an 
existing  physical  environment  [4],  where  other  subsequent  mechanistic  processes  can  occur.  The 
second  mechanistic  function  ensures  the  generation,  transfer,  and  concentration  of  energy  in  the 
newly  formed  environment  to  generate  heat  and  produce  hot  spots  [1,4].  A  third  mechanistic 
function  initiates  and  promotes  the  rapid  propagation  and  acceleration  of  the  thermochemical 
decomposition  process  and  its  concomitant  heat  energy  release  to  provide  the  chemical  species 
and  threshold  energy  needed  to  initiate  and  sustain  combustion  or  drive  an  explosive  shock  wave 
to  initiation. 


Insert  Figure  1 

Over  a  finite  time  period,  these  three  functions  begin  in  the  bulk  material,  proceed  into  lower 
compositional  levels  possibly  continuing  on  through  the  atomic  realm  to  produce  final,  mostly 
gaseous  products  which  are  detected  back  at  the  bulk  level  (Figure  1).  Thus,  the  initiation 
sensitivity  of  a  given  energetic  material  is  defined  by  the  rate  at  which  a  given  mechanical  or 
thennal  stimulus  drives  mechanistic  processes  to  produce  a  threshold  energy  within  an 
inherently  defined  finite  time  period.  If  all  three  interactive  mechanistic  functions  proceed 
through  all  composition  levels  rapidly  enough  to  produce  heat  and  reach  a  sufficient  energy 
threshold  within  this  defined  finite  time  period,  initiation  and  propagation  to  a  self-heating 
catastrophic  event  results.  Conversely,  when  an  interaction  of  mechanistic  processes  proceed  at 
a  rate  too  slowly  within  this  time  period  to  reach  this  heat-driven  initiation  threshold,  no  higher 
order  catastrophic  initiation  and  response  result  [1]. 

Therefore,  decreasing  the  rate  at  which  these  mechanistic  processes  proceed  should  contribute 
to  energetic  material  desensitization  and/or  decreased  perfonnance.  Application  of  the  KDIE  to 
global  thermochemical  decomposition  processes  at  the  molecular  level  of  this  sequential 
initiation  train  identifies  the  rate-controlling  mechanistic  feature  and  demonstrates  this  feature  to 
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be  a  noticeable  factor  in  energetic  material  desensitization  as  well  as  in  deflagration,  combustion, 
and  explosive  performance  characteristics  [2,  3]. 

The  update  regarding  a  general  concept  for  energetic  material  initiation  and  sensitivity  [1], 
begins  at  the  macroscopic  compositional  level  and  addresses  the  first  mechanistic  function.  The 
first  mechanistic  function  involves  the  formation  of  a  physical  environment,  and/or  the  use  of  an 
existing  physical  environment,  within  which  subsequent  mechanistic  processes  can  proceed.  A 
sudden  external  mechanical  stimulus  (e.g.  impact,  shock,  friction)  on  a  solid  energetic  material 
(Figure  1  @  A)  results  in  various  physical  responses  (e.g.  fracture,  shear  band  formation,  visual 
localized  ignition,  plastic  deformation,  viscous  flow,  adiabatic  gas  bubble  compression,  and 
others)  at  the  bulk  scale  (Figure  1  @  B).  Some  of  these  material  alterations  can  be  visually 
observed  at  the  bulk  compositional  scale  [4],  while  others  require  high  resolution  atomic  force 
microscopy  (ATM)  to  be  studied  [6].  These  actual  physical  responses  and  their  degree  of 
importance  varies  with  the  type  of  mechanical  stimulus  encountered  as  well  as  with  energetic 
material  properties  determined  by  inherent  crystal  habit  and  chemical  structure  [1].  ATM 
investigation  reveals  the  formation  of  shear  band  disruptions  in  the  energetic  material  [6]. 
Formation  of  these  shear  bands  disrupts  the  crystal  morphology  and  begins  producing  heat 
energy  (Figure  1  @  B).  The  net  result  of  mechanical  stimulus  at  the  bulk  level  is  the  fonnation 
of  additional  microstructural  inhomogeneities  or  defects,  at  the  crystalline  level,  in  addition  to 
those  already  present  in  the  crystal  lattice  (Figure  1  @  C).  These  defects  then  can  serve  as  highly 
localized  nucleation  points  for  the  generation,  transfer,  and  concentration  of  energy.  Thus,  the 
first  mechanistic  function  is  fulfilled;  mechanical  stimuli  form  a  physical  environment  where 
subsequent  physicochemical  and  thermochemical  mechanistic  processes  can  proceed. 

The  second  mechanistic  function  involves  physicochemical  processes  which  occur  at  the 
crystalline  or  microstructural  level  to  generate,  transfer,  and  concentrate  heat  energy  at  both  the 
newly  formed  and  inherently  existing  crystalline  defects.  Noted  along  the  ATM  observed  shear 
bands  from  shock  and  impact  are  chains  of  extruded  molten  material  beads  as  well  as  small 
dislocation  cavities.  The  extruded  molten  beads  mirror  the  presence  of  physicochemical 
mechanisms  that  generate  heat  and  lead  to  hot  spot  formation.  It  appears  that  plastic  flow  during 
shear  band  formation  deforms  and  distorts  crystal  lattice  structure,  and  possibly  molecular 
structure  [6].  Also  noted  along  these  shear  bands  are  small  dislocation  cavities.  This  crystal 
lattice  deformation,  resulting  from  shear  band  development,  occurs  from  the  formation  and 
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movement  of  dislocations  in  the  crystal  lattice  [6,  7].  The  friction  created  along  sliding  crystal 
lattice  interfaces  [4],  as  the  bulk  material  is  disrupted,  forms  additional  microstructural 
inhomogeneities  or  defects  while  releasing  heat  energy.  An  extreme  acceleration  in  defect 
formation  comes  from  a  dislocation  pile-up  avalanche  mechanism  [8]  resulting  in  numerous  new 
crystalline  level  defects. 

The  mechanical  energy  which  disrupts  and  deforms  the  crystal  lattice  along  the  shear  bands  is 
transformed  into  heat  energy  as  the  energy  binding  a  well-ordered  crystalline  lattice  is  disrupted 
and  released  at  these  localized  sites  as  heat  energy  (Figure  1  @  C).  A  recent  experimental 
correlation  between  impact  sensitivity  and  the  heat  of  fusion  lends  additional  support  to  this 
interpretation  [9].  This  defonnation-generated  heat  is  transferred  and  concentrated  at  these  new 
defect  sites  where  a  large  surface  area  exists.  This  rapid  heat  generation  produces  the  myriad  of 
hot  spots  as  reflected  by  the  molten  beads  and  small  dislocation  cavities  seen  by  the  ATM  shear 
band  analyses.  Adiabatic  compression  of  trapped  gas  spaces  in  voids  inherent  with  the  bulk 
material  [10]  is  another  facet  which  also  concomitantly  generates  heat  and  contributes  to  hot  spot 
formation  [6].  ATM  investigation  also  reveals  that  thermal  stimulus  can  promote  defect 
formation,  from  uneven  crystal  expansion  [7],  where  a  similar  energy  concentration,  like  that 
produced  for  the  mechanical  stimuli,  could  result.  Completion  of  the  second  mechanistic 
function  to  generate,  transfer,  and  concentrate  heat  energy  (Figure  1  @  B)  and  form  defect  hot 
spots  (Figure  1  @  C)  leads  into  the  third  mechanistic  function. 

The  third  mechanistic  function  occurs  at  the  molecular  and  atomic  levels  within  the  newly 
formed  hot  spots.  This  function  involves  mechanistic  processes  that  start  and  propagate 
kinetically  controlled  chemical  reactions  (Figure  1  @  D)  which  drive  rapidly  accelerating 
thermochemical  decomposition  and  energy  release  to  the  initiation  threshold.  Both  condensed 
phase  (Figure  1  @  E)  and  subsequent  gas  phase  (Figure  1  @  F)  thermochemical  decomposition 
processes  are  present  in  the  sequential  initiation  train.  The  condensed  phase  thermochemical 
decomposition  process  begins  by  two  methods. 

The  first  method  deals  with  the  generation  of  non-thermally  or  physically  (versus 
chemically)  generated  reactive  radical  species  [11].  Along  with  the  heat  energy  from  crystal 
lattice  deformation,  these  non-thennal  radicals  fonn,  at  the  molecular  level,  during  crystal 
deformation  and  dislocation  at  the  crystalline  level  along  crystal  shear  bands  and  on  the  resultant 
large  surface  area  of  the  defects  produced  [8].  Highly  reactive  radical  species  are  needed  to  start 
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the  chemical  reactions  which  drive  thermochemical  decomposition  processes  (Figure  1  @  D). 
Mechanically  forced  (shock,  impact,  and  possibly  friction)  crystal  dislocations  during  shear  band 
formation,  and  resultant  crystal  lattice  surface  shifts,  cause  molecules  in  the  crystal  lattice  to 
deform  and  move  past  one  another.  This  movement  of  molecules  can  cause  physical  bond 
rupture  (homolysis)  when  molecules  encounter  sufficient  steric  hindrance  to  collide  into  one 
another  or  to  come  into  very  close  contact  at  distances  longer  than  a  normal  bond  distance  but 
shorter  than  a  Van  der  Waals  radii  [12].  This  mechanistic  non-thermal  radical  formation  process 
is  verified  by  computational  [13,  14]  and  experimental  diamond  anvil  [15]  studies  with 
nitromethane  which  show  that  certain  crystal  orientations  of  energetic  molecules  can  be  initiated 
to  explosion  more  readily  than  others.  Molecules  which  can  slide  by  one  another  unimpeded  in 
more  favorable  crystalline  orientations  are  less  sensitive  to  initiation.  The  experimental 
dependence  of  RDX  detonation  velocity  with  various  crystal  structure  orientations  [16] 
conceivably  also  reflects  the  ease  with  which  non-thermal  radicals  are  generated  to  start  and 
initially  help  propagate  the  chemical  reactions  that  produce  the  rapid  condensed  phase 
thermochemical  decomposition  process. 

The  second  method  that  starts  and  accelerates  the  condensed  phase  thermochemical 
decomposition  involves  the  localized  heat  energy  that  is  concentrated  on  the  inner  high  surface 
areas  of  the  hot  spot  (Figure  1  @  E).  These  high  temperatures  increase  the  vibrational  energy 
above  ground  state  level  in  the  chemical  bonds  of  the  energetic  material  molecules  to  the  point 
that  the  weakest  bond  or  trigger  linkage,  also  termed  first  reaction  [17],  ruptures  to  form  very 
reactive  radical  species.  These  chemically-generated  thermal  radical  species  also  initiate, 
propagate,  and  then  accelerate  the  reactions  driving  the  thermochemical  decomposition  process. 
Electronic  excitation  has  been  suggested  as  one  contributing  mechanistic  step  in  a  multiprocess 
detonation  model  [18],  and  such  electronic  molecular  excitation  has  been  experimentally  related 
to  explosive  shock  and  impact  stimuli  using  X-ray  photoelectron  analysis  [19]  and  first  reaction 
studies  [20].  Both  mechanistic  radical  generating  processes,  non-thennal  (Figure  1  @  D)  and 
thennal  (Figure  1  @  E),  can  generate  reactive  radical  species  that  catalytically  start,  accelerate, 
and  propagate  the  chemical  reactions  needed  to  drive  thermochemical  decomposition. 

The  start  of  the  thermochemical  decomposition  process  introduces  kinetic  control  into 
energetic  material  sensitivity  and  the  initiation  concept.  Thermochemical  decomposition 
processes  in  solid  energetic  materials  begin  and  accelerate  in  the  condensed  phase  (Figure  1  @ 
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E)  and  move  into  the  gas  phase  (Figure  1  @  F). 

Condensed  phase  thermochemical  decomposition  predominantly  involves  complex 
bimolecular  [21],  and  to  some  degree  intramolecular,  chemical  reactions  to  produce  condensed 
phase  intermediate  compounds  which  decompose  further  into  gaseous  products  with  an 
additional  concomitant  heat  energy  release.  KDIE  experiments  validate  that  the  kinetic  control 
in  the  condensed  phase  significantly  determine  the  rate  at  which  the  overall  global 
thermochemical  decomposition  process  propagates  and  accelerates  [1,  2,  22,  23].  This 
mechanistic  process,  ultimately,  is  controlled  in  the  condensed  phase  [3,  24]  since  gas  phase 
reactions  proceed  faster. 

At  the  molecular  level,  fonnation  of  gas  phase  products  from  the  condensed  phase 
thermochemical  decomposition  process  results  in  development  of  a  propagating  shock  wave  with 
cell-like  structural  features  at  the  macroscopic  level  (Figure  1  @  F).  It  is  behind  this  propagating 
wave  that  decomposing  energetic  molecules  and  their  resultant  energy  release  rates  drive  the 
shock  front  progressing  through  the  initiating  energetic  material  [1].  As  demonstrated  with 
shock  tube  experimentation,  this  cellular  wave  structure  can  define  critical  diameter  since 
detonation  occurs  whenever  the  critical  diameter  is  greater  than  13  times  the  wave  cell  size  [25]. 
Wave  cell  size  is  affected  by  the  gas  phase  reaction  kinetics,  and  the  resultant  energy  release  rate 
[26]  from  these  decomposing  gaseous  products.  Furthennore,  this  gaseous  energy  release  rate 
can  be  altered  by  catalytic  or  inhibitor  species,  and  a  faster  gaseous  decomposition  rate  increases 
the  sensitivity  to  detonation  initiation  [27]. 

At  this  point,  energetic  material  initiation  moves  into  the  atomic  scale  of  decomposed  matter 
(Figure  1  @  G).  The  gaseous  products  following  the  shock  wave,  and  derived  from  the 
molecular  level  condensed  phase  thermochemical  decomposition  process,  break  down  further 
until  atomization  apparently  occurs.  This  transition  into  the  atomic  compositional  level  (Figure  1 
@  G)  would  mean  that  all  chemical  bonds  rupture  to  form  atomic  species  which  now  drive  the 
shock  wave  before  re-combining  into  final  detonation  products  (Figure  1  @  H)  [28]. 

The  degree  that  this  atomization  occurs  depends  on  the  type  of  energetic  material.  With  a 
homogeneous  ideal  explosive,  which  delivers  the  amount  of  energy  expected,  all  bonds  in  the 
gaseous  decomposition  products  eventually  rupture  creating  a  sustained  atomic  level  equilibrium 
where  complete  randomization  occurs  with  the  interacting  atoms.  This  is  shown  with  C /  O 
isotopically  labeled  carbonyl  groups  in  the  homogenous  explosive,  6/.s-[2,2,2-trinitroethyl] 
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adipate,  where  complete  random  atom  scrambling  is  observed  in  its  detonation  products  [CO2, 
CO,  CH4,  O2,  C(s)]  [28],  The  same  conditions  applied  to  a  non-ideal  explosive  formulation, 
Amatol  80/20,  showed  only  a  12%  mixing  of  15N  nitrogen  atoms  with  normal  14N  atoms  in  its 
nitrogen  (N2)  detonation  product  (15N15N,  15N14N,  and  14N14N)  from  labeled  ammonium  nitrate 
(20%),  15NH415N03,  and  unlabeled  TNT  (80%)  with  its  pendant  14N02  nitro  groups.  This  low 
degree  of  isotopic  scrambling  is  attributed  to  diffusion  control  of  atomic  species  behind  the 
detonation  wave  front  [28],  although  slower  reaction  kinetics  may  also  play  a  role  since  not  all 
energy  is  released  from  a  non-ideal  explosive  formulation  [1],  Such  a  study  has  not  been  applied 
to  either  deflagration  or  high  pressure  combustion  products.  At  this  point,  the  third  mechanistic 
function  that  addresses  the  start,  propagation,  and  acceleration  of  the  chemical  reaction,  which 
drive  the  thermochemical  decomposition  process  to  produce  the  molecular  and  atomic  species,  is 
complete.  This  results  in  high  energy  chemical  species  which  drive  the  shock  wave  through  an 
energetic  material  and  finally  culminate  in  the  production  of  the  chemical  products  measured  at 
the  bulk  scale  (Figure  1  @  H). 

At  least  three  compositional  levels  or  scales,  and  in  some  cases  four,  are  involved  in  the 
initiation  and  energy  release  of  an  energetic  material  undergoing  a  catastrophic  event  represented 
by  deflagration,  combustion,  thermal  explosion,  or  especially,  detonation  phenomena.  Each  has 
its  own  unique  mechanistic  processes  which  all  interact  over  a  finite  time  period  within  which  a 
threshold  of  energy  must  be  generated  to  achieve  initiation  from  a  sustained  energy  release.  At 
each  level,  there  are  rate-controlling  mechanistic  features  which  can  affect  whether  or  not  this 
threshold  energy  is  reached  in  the  finite  time  required.  More  sensitive  energetic  materials  reach 
this  initiation  and  sustaining  energy  threshold  more  easily  (rapidly)  than  others.  Here,  rate¬ 
controlling  mechanistic  processes  proceed  at  a  faster  rate.  A  less  sensitive  energetic  material, 
under  identically  stressed  conditions,  will  reflect  rate-controlling  mechanistic  features  that  occur 
at  a  slower  rate,  where  the  rate  is  slow  enough  that  initiation  will  not  occur  or  where  the 
sustained  energy  releasing  process  is  slowed  enough  that  perfonnance  is  reduced.  The  rate  at 
which  mechanistic  processes  proceed  affects  energetic  material  sensitivity  and  perfonnance. 
This  is  verified  at  the  molecular  level  by  KDIE-based  mechanistic  studies  of  the  global 
thennochemical  decomposition  process  and  their  comparison  with  higher  order  phenomena  [1- 
3], 
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KDIE  and  Energetic  Material  Thermochemical  Decomposition  Processes. 

At  the  molecular  composition  level,  application  of  the  KDIE  to  neat  (non-solvent)  condensed 
phase  chemical  reactions  proceeding  during  the  global  condensed  phase  thennochemical 
decomposition  process  establishes  a  relationship  between  mechanistic  rate  and  both  energetic 
material  initiation  sensitivity  and  performance  properties.  The  thermochemical  decomposition 
begins  in  the  many  hot  spots  formed  during  the  initiation  train,  but  then  rapidly  spreads  into  the 
entire  energetic  material. 

Condensed  phase  neat  thermochemical  decomposition  processes  consist  primarily  of  a 
complex  mechanistic  set  of  bimolecular  reactions  with  some  degree  of  intramolecular  character 
where  two  key  homolytic  bond  ruptures  occur.  First  is  the  initial  bond  rupture,  also  termed 
trigger  linkage  or  first  reaction  [20],  which  determines  the  specific  pathway  the  thennochemical 
decomposition  process  will  follow  and  controls  the  decomposition  products  which  will  form 
[22].  Certain  structural  groups  in  an  energetic  molecule  are  centers  for  this  initial  bond  rupture 
site  (explosophores)  [17].  Common  explosophores  and  their  initial  bond  rupture  (-),  contained  in 
more  familiar  energetic  materials,  are  C-NCfi,  N-0  in  the  nitro  (NO2)  group,  N-NO2,  O-NO,  and 
C-NO.  Once  this  pathway  is  established,  many  subsequent  chemical  reaction  channels  proceed 
which  occur  in  series  and  competing  parallel  sequences.  Along  this  decomposition  pathway,  one 
chemical  reaction  in  a  specific  reaction  channel  proceeds  significantly  more  slowly  than  all 
others.  It  is  during  this  slowest  reaction  where  the  second  key  mechanistic  bond  rupture  occurs, 
the  rate-controlling  bond  rupture,  which  regulates  the  overall  rate  at  which  the  global 
thermochemical  decomposition  process  proceeds.  This  KDIE-determined  rate-controlling  bond 
rupture,  accompanied  by  a  concomitant  atom  transfer  [29],  usually  occurs  early  in  the  condensed 
phase  decomposition  process  [2,  22,  23,  30]. 

Insert  Figure  2 

As  seen  later,  this  kinetically  governed  rate-controlling  bond  rupture  can  have  a  significant 
effect  on  the  overall  energetic  material  initiation  train  sensitivity  and  on  higher  order 
performance.  To  date,  this  rate-controlling  bond  rupture  cannot  be  identified  by  computational 
methods  and  must  be  detennined  experimentally  using  the  KDIE  approach. 

The  KDIE  approach  exploits  the  ground  state  vibrational  energy  difference  of  2.3  kcal/mol 
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(9.6  kJ/mol)  between  the  hydrogen  atom  bonded  to  a  carbon  atom  and  its  deuterium  isotope 
bonded  to  the  same  carbon  atom  of  a  specific  molecule.  Because  of  its  higher  mass,  the  bonded 
deuterium  atom  resides  in  a  much  lower  2.3  kcal/mol  (9.6  kJ.mol)  vibrational  energy  state.  With 
an  energetic  material  like  TNT,  a  deuterium  labeled  C-D  bond  is  stronger  and  more  difficult  to 
rupture  during  a  chemical  reaction  than  its  analogous  C-H  bond  in  normal  TNT.  Therefore  under 
identical  thermochemical  decomposition  conditions,  the  C-D  will  rupture  more  slowly  than  the 
C-H  bond  because  more  energy  over  a  longer  time  period  must  be  transferred  into  the  C-D  bond 
vibrational  ground  state  to  achieve  a  homolytic  bond  rupture.  However,  this  difference  is 
detected  in  the  global  reaction  kinetics  of  a  thermochemical  decomposition  process  only  when 
the  C-H  and  C-D  bond  ruptures  occur  during  the  slowest  reaction  step  of  the  major,  probably 
longest,  and  highest  contributing  channel  of  the  many  reaction  channels  in  the  decomposition 
pathway.  Comparison  of  the  different  global  reaction  rates  between  C-H  and  C-D  bond  rupture 
affords  a  primary  KDIE  value  when  a  ratio  of  their  rates  is  equal  to  or  greater  than  1.41 
theoretically  and  is  as  low  as  1.35  experimentally  [29].  If  the  rate-controlling  step  involves  a 
bond  rupture  either  a  distance  of  one  or  two  bonds  removed  from  the  deuterium  labeled  atom,  a 
secondary  KDIE  is  seen  with  a  ratio  value  greater  than  1.00  but  less  than  1.34  [29].  Both  types 
constitute  a  positive  KDIE  response. 

A  primary  KDIE  usually  defines  this  rate-controlling  mechanistic  step  for  the  global 
thermochemical  decomposition  process,  and  normally  is  expressed  as  a  ratio  of  the  reaction  rate 
constants  (kh/kj)  derived  from  the  normal  energetic  material  and  its  deuterium  labeled  analogue. 
KDIE  values  also  have  also  been  detennined  using  induction  period  times  (t,)  which  are 
inversely  proportional  (tid/tih)  to  rate  constants  [2,  22,  23,  29,  30].  Interestingly,  the  same  KDIE 
determined  rate-controlling  step  found  for  the  ambient  pressure  condensed  phase 
thermochemical  decomposition  process  of  a  given  energetic  material  is  mirrored  as  a  significant 
rate-controlling  feature  in  higher  order  deflagration,  combustion,  and  explosion  phenomena  [2, 
5].  This  is  shown  by  KDIE  behavior  which  has  been  detected  in  combustion  burn  rates  [24,31], 
critical  temperature  measurements  [32]  as  well  as  in  impact,  and  shock  initiation  responses  [33, 
34], 

The  first  application  of  the  KDIE  to  a  thermochemical  decomposition,  and  its  global  reaction 
kinetics,  occurred  with  neat  molten  TNT  and  its  methyl  deuterium  labeled  TNT-a-d3  analogue 
using  isothermal  DSC  analysis  [30].  Here,  early  in  the  thermochemical  decomposition  process, 
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C-H  bond  rupture  proved  to  be  the  rate-controlling  step  (Figure  2)  and  was  especially 
predominant  during  the  endothermic  induction  period  (KDIE  =  1.66).  About  16  years  later,  it 
was  suggested  that  induction  period  oxidation  reactions  at  the  pendant  TNT  methyl  (-CH3)  group 
dominate  in  this  portion  of  the  thermochemical  decomposition  process  [35]  where  these 
oxidation  reactions  all  structurally  must  involve  C-H  bond  rupture  [2,  30].  The  formation  of  2,4- 
dinitroanthanil  also  cannot  be  ruled  out  from  forming  during  the  induction  period  because  it 
catalyzes  and  accelerates  the  TNT  thermochemical  decomposition  rate  [36],  as  can  the  oxidation 
product  2,4,6-trinitobenzaldehyde  [35],  and  other  free  radical  sources  (Figure  3)  [35,  37].  Further 
support  of  this  free  radical  catalysis  and  acceleration  of  induction  period  results  from  the  fact  that 
the  free  radical  precursor,  hydroquinone,  greatly  accelerates  the  TNT  induction  period  as  does 
benzoic  acid  to  a  small  extent  [30].  During  the  induction  period,  a  threshold  amount  of  catalytic 
material  forms  from  the  TNT  itself,  then  starts,  accelerates,  and  sustains  the  remainder  of  the 
TNT  exothermic  decomposition  process  [30].  The  exothermic  portion  of  the  decomposition 
consisted  of  an  acceleratory  and  subsequent  decay  phase.  The  decay  phase  KDIE  is  diluted  to  a 
lower  1.35  value  because  intennediate  decomposition  products  react  further  to  form  later 
condensed  phase  products  which  do  not  involve  C-H  bond  rupture  as  a  rate-controlling  step  [30]. 
An  independently  conducted  isothermal  DSC  thermochemical  decomposition  study  of  TNT 
reveals  greater  than  90%  of  TNT  can  be  decomposed  prior  to  entering  the  decay  phase  [2,  38]. 

Insert  Figure  3 

Subsequently,  KDIE-based  rate-controlling  bond  rupture  was  detennined  for  the 
thermochemical  decomposition  processes  using  isothennal  DSC,  TGA,  and  reaction  quenching 
UV  methods  with  solid  state  TATB  [32],  solid,  mixed  melt,  and  liquid  state  HMX  [29,  34,  40], 
solid  and  liquid  state  RDX  [34,  39,  41],  as  well  as  solid  and  liquid  state  DNNC  [22,  23],  (1, 3,5,5- 
tetranitrohexahydropyrimidine).  Figure  2  illustrates  the  KDIE  determined  rate-controlling  bond 
ruptures  which  regulate  the  thermochemical  decomposition  process  and  its  resultant  energy 
release  rate  for  several  energetic  materials. 

In  summary,  liquid  state  TNT  [30],  solid  state  HMX  [29,  34],  both  liquid  and  solid  state 
RDX  [34,  39,  41],  and  liquid  state  DNNC  [23]  show  C-H  bond  rupture  to  be  the  rate-controlling 
step.  The  rate-controlling  step  for  HMX  and  DNNC  display  a  dependence  on  physical  state. 
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Liquid  state  HMX  [29]  and  solid  state  DNNC  [22],  during  its  endothennic  induction  period, 
display  a  secondary  KDIE.  A  secondary  KDIE  indicates  that  ring  C-N  bond  rupture  likely  is  the 
rate  controlling  step  under  these  decomposition  conditions.  HMX  in  its  mixed  melt  state  [29] 
displays  an  inverse  KDIE  suggesting  that  the  rate  at  which  its  crystal  lattice  energy  is  overcome 
to  convert  from  the  solid  to  liquid  state  is  the  rate-controlling  feature  [29].  Solid  state  DNNC 
[22],  once  through  its  endothermic  induction  period  where  a  catalytic  species  likely  forms  via  C- 
N  ring  bond  rupture,  displays  C-H  bond  rupture  as  its  rate-controlling  step  during  the  exothermic 
accelerating  energy-releasing  phase  of  its  thermochemical  decomposition.  Solid  state  TATB 
[32]  decomposition  shows  N-H  bond  rupture  to  be  its  rate-controlling  step. 

The  presence  of  hot  spots,  and  the  rapid  thermochemical  decomposition  process  occurring 
therein,  is  verified  by  scanning  electron  microscopy  (SEM)  and  X-ray  photoelectron  spectra 
(XPS)  investigations  of  energetic  materials  which  were  impacted  or  shocked  just  below  their 
explosive  initiation  threshold.  Micron-sized  (impact)  and  submicron-sized  (shock)  defects  with 
quenched,  charred  inner  surfaces  (hot  spots)  are  seen  via  SEM  analysis.  Subsequent  XPS  studies 
of  the  charred  inner  defect  surface  identifies  condensed  phase  decomposition  reaction  products 
for  TATB  [42],  RDX  [43],  and  TNT  [44]  which  mirror  those  also  seen  in  ambient  pressure 
thermochemical  decomposition  product  analyses  for  TATB  [45]  and  TNT  [46,  47].  Additionally, 
a  recent  investigation  of  shock  initiated  TNT,  followed  by  LC-UV  analysis  of  its  resultant  solid 
residue  products,  further  supports  these  sub-initiation  approach  results  by  detecting  surviving 
condensed  phase  products  which  are  the  same  as  those  found  in  ambient  pressure 
thermochemical  decomposition  products  (Figure  3)  [48].  Especially  notable  is  that  these 
condensed  phase  decomposition  products,  detected  from  the  sub-initiation  impact  and  shock 
condensed  phase  products  for  TNT,  TATB,  and  RDX,  could  only  form  by  traversing  through  the 
KDIE-determined  rate-controlling  bond  rupture  found  during  ambient  pressure  thermochemical 
decomposition  (Figure  3)  [3].  The  one  exception  is  the  nitroso  products  known  to  form  from 
sub-initiated  shock  and  drop- weight  impacted  RDX  [43].  These  reported  products  involve  only 
one  type  of  bond  rupture  (N-O)  at  the  explosophore  position  as  the  nitro  group  is  converted  to  a 
nitroso  group.  This  N-0  bond  homolysis  reflects  the  initial  bond  rupture  (first  reaction);  the  rate¬ 
controlling  C-H  bond  rupture  must  occur  later.  The  drop  weight  impacted  sub-initiated  RDX 
sample  gives  only  decomposed  nitroso  products  [43b];  however,  the  more  extremely  shocked 
sub-initiation  RDX  sample  yields  both  the  nitroso  compound  amd  melamine  types  of  structural 


Distribution  A.  Approved  for  public  release;  distribution  unlimited. 


features  where  C-H  bond  rupture  does  occur  [43a]. 

Thus,  through  use  of  the  KDIE  approach  at  the  molecular  composition  level,  the  significance 
and  actual  role  that  the  rapid  thermochemical  decomposition  process  plays  in  the  energetic 
material  initiation  process  is  verified  and  established.  Furthermore,  the  KDIE  itself  is  validated 
as  a  potent  method  for  detennining  specific  rate-controlling  features  and  critical  mechanistic 
relationships  in  highly  complex  and  extreme  chemical  environments. 

Insert  Figure  4 

Relationship  of  Thermochemical  Decomposition  to  Energetic  Material  Sensitivity  and 
Performance. 

KDIE  mechanistic  investigations  show  a  distinct  relationship  between  kinetically  governed 
reaction  rates  and  the  rate-controlling  steps  found  in  thermochemical  decomposition  processes 
with  both  energetic  material  sensitivity  and  perfonnance  characteristics.  This  is  reflected  in 
KDIE  investigations  where  deuterium  labeled  energetic  materials  alter  combustion  burn  rates 
[24,  31],  initiation  thresholds  [32-34],  and  detonation  velocity  [33]. 

Sensitivity.  Explosive  experiments  conducted  with  a  number  of  energetic  materials  and  their 
deuterium  labeled  analogues  reveal  that,  with  one  exception  [3],  the  deuterium  labeled 
compounds  are  more  difficult  to  initiate.  These  energetic  materials  display  a  primary  KDIE  in 
their  condensed  phase  thermochemical  decomposition  where  C-H  bond  rupture  (HMX,  RDX, 
TNT),  or  N-H  bond  rupture  (TATB)  is  the  rate-controlling  step  [3].  Desensitization  appears 
because  deuterium  atom  substitution  decreases  the  rate-controlling  bond  rupture  and  slows  the 
thermochemical  decomposition  process  regulating  the  energy  release  or  generation  rate.  As 
suggested  by  the  general  concept  concerning  energetic  material  sensitivity  and  initiation  [1], 
slowing  the  chemical  kinetics  and  the  resultant  overall  thermochemical  decomposition  process 
causes  an  insufficient  energy  generation  rate  during  the  required  finite  time  period  needed  to 
reach  the  rate  dependent  energy  threshold  required  for  explosive  initiation;  and  therefore, 
energetic  material  sensitivity  is  affected  [1].  Thus,  desensitization  can  be  achieved  by  increasing 
the  energy  needed  to  effect  a  homolytic  rate-controlling  covalent  bond  rupture  in  the  global 
thermochemical  decomposition  process,  which  in  turn,  decreases  its  resultant  energy  release  rate 
below  that  needed  to  reach  the  explosive  initiation  threshold.  The  stated  one  exception  above 
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deals  with  a  Henkin  test-based  critical  temperature  measurement  of  HMX  and  HMX-dg.  Here 
HMX-d8  displays  a  lower  critical  temperature  for  thennal  explosion  initiation  (faster  rate)  and 
reflects  an  inverse  KDIE  behavior  [3]  previously  exhibited  during  its  mixed  melt  acceleratory 
portion  of  the  ambient  pressure  thermochemical  decomposition  process  (Figure  2)  [2,29].  This 
behavior  suggests  solid  state  HMX-dg  converts  more  rapidly  than  HMX  into  its  mixed  melt 
phase  during  the  high  confinement  required  for  Henkin  test  samples  and  is  initiated  from  the 
mixed  melt  phase  before  sample  liquefaction  occurs  [3]. 

Critical  temperature  determination  using  the  Henkin  test  with  TATB  and  its  TATB-d6 
analogue  provides  critical  temperatures  of  354  °C  and  366  °C,  respectively  [32].  The  12  °C 
lower  temperature  for  unlabeled  TATB  reflects  a  faster  rate  for  the  thermochemical 
decomposition  process  at  354  °C  during  this  isothennal  heat-initiated  thermal  explosion.  It 
reflects  a  definite  positive  KDIE  response  when  comparing  TATB  and  TATB-d6.  This  suggests 
that  pendant  amino  group  N-H  bond  rupture,  seen  in  solid  state  TATB/TATB-d6  ambient 
pressure  thermochemical  decomposition  process  (KDIE  =  1.5),  is  the  rate-controlling  step  for 
this  TATB  thermal  explosion  initiation  [3,  32].  Deuterium  labeled  TATB-d6  requires  additional 
energy  for  the  chemical  reactions  driving  its  thermochemical  decomposition  process  to  achieve 
the  same  decomposition  rate  as  those  for  unlabeled  TATB.  In  order  to  initiate  a  thermal 
explosion  with  TATB-d6,  additional  energy  must  be  provided  by  raising  the  temperature  to  366 
°C  to  achieve  a  rate-controlling  step  (N-D  bond  rupture)  which,  during  the  global 
thermochemical  decomposition  process,  proceeds  as  fast  as  that  of  TATB  at  its  lower  354  °C 
critical  temperature.  Thus,  the  decreased  speed  of  the  TATB-d6  kinetically  governed  rate¬ 
controlling  step  (N-D  bond  rupture)  slows  the  overall  thermochemical  decomposition  process 
and  reduces  the  amount  of  energy  which  it  delivers  within  a  necessary  finite  time  period.  This 
decreased  TATB-d6  energy  release  rate  fails  to  provide  the  energy  sufficient  to  reach  the  required 
explosive  initiation  threshold  at  354  °C  and  results  in  a  desensitized  energetic  material.  In  this 
same  study,  DINGU  also  displayed  a  higher  critical  temperature  with  its  deuterium  labeled 
analogue  [32]. 

Shock  induced  detonation  with  HMX  and  RDX  [34],  as  well  as  TNT  [33],  and  their 
deuterium  labeled  analogues,  display  a  degree  of  desensitization.  This  is  revealed  by  use  of  the 
KDIE  approach  in  conjunction  with  the  exploding  metal  foil  method.  In  all  three  cases,  the 
deuterium  labeled  analogues  require  a  stronger  shock  from  an  explosion  driven  flyer  plate 
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(higher  plate  velocity)  to  initiate  detonation  as  shown:  HMX  vs.  HMX-ds  =  2.27  vs.  2.37 
mm/psec;  RDX  vs.  RDX-d6  =  2.33  vs.  2.41  mm/psec;  and,  TNT  vs.  TNT-a-d3  =  3.309  vs.  3.681 
min/psec.  While  a  ratio  of  the  flyer  plate  velocities,  used  to  initiate  the  detonation  response,  give 
a  value  smaller  than  what  is  seen  in  the  primary  KDIE  values  for  their  corresponding 
thermochemical  decomposition  processes  (Figure  2),  the  differences  in  flyer  plate  velocities  are 
statistically  significant. 

Because  shock  detonation  initiation  involves  all  the  mechanistic  processes  at  all 
compositional  levels  of  matter,  and  is  not  solely  limited  to  the  molecular  level  thermochemical 
decomposition  process,  flyer  plate  shock  magnitude  differences  in  mm/psec,  as  shown  with  TNT 
and  TNT-a-d3  (KDIE  =  3.681  /  3.309  =  1.11)  [33],  are  not  the  same  as  those  seen  for  the 
corresponding  global  thermochemical  decomposition  rates  during  the  induction  period  (KDIE  = 
1.66)  [30].  Even  though  the  induction  period  portion  of  the  TNT  thermochemical  decomposition 
may  be  involved  with  the  shock  initiated  detonation  event  [35],  one  should  not  expect  the  same 
KDIE  value  for  shock  initiation  and  thermochemical  decomposition  where  C-H  bond  rupture 
controls  the  rate-controlling  step.  If  one  could  isolate  and  individually  measure  the  other 
mechanistic  processes  occurring  during  the  entire  shock  initiated  detonation  event,  many  likely 
would  show  no  difference  between  TNT  and  TNT-a-d3  and  contribute  a  percentage  of  this  same 
response  (i.e.  a  KDIE  =  1.00)  to  the  entire  initiation  event  for  both  the  normal  and  deuterium 
labeled  energetic  materials.  For  example,  the  magnitude  of  the  TNT/TNT-a-d3  induction  period 
KDIE,  from  [KDIE  =  493  sec  (TNT-OKfi)  divided  by  297  sec  (TNT)  =  1.66],  can  be  diluted  or 
reduced  when  measured  in  the  presence  of  other  contributing  processes  as  shown:  (generic 
example  only);  493  s  (TNT-a-d3)  +  500  s  (other  process)  divided  by  297  s  (TNT)  +  500  s  (same 
other  process)  =  1.25],  All  mechanistic  processes  contribute  to  the  flyer  plate  velocity  values 
during  shock  initiation;  therefore,  differences  between  the  normal  and  deuterium  labeled 
energetic  material  during  the  initiation  event  will  be  much  smaller  that  what  is  derived  from  an 
isolated  KDIE  investigation  of  an  isolated  thermochemical  decomposition  process. 

KDIE  dilution  by  competing  or  interfering  processes  is  a  recognized  concept  and  documented 
reality.  It  has  been  suggested  that  pendant  methyl  (-CH3)  group  rate-controlling  C-H  bond 
rupture  in  the  TNT  induction  period,  of  the  thermochemical  decomposition,  occurs  during  higher 
order  shock  and  mechanical  impact  initiation,  and  that  it  competes  with  a  C-NCE  bond  rupture 
[35].  If  this  situation  exists,  a  diluted  KDIE  value  from  that  determined  solely  from  an  ambient 
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pressure  thermochemical  decomposition  would  result  [35].  This  cited  dilution  would  be  caused 
by  competing  chemical  reaction  channels  at  the  molecular  level.  A  documented  TNT/  TNT-a-d3 
KDIE  dilution  does  occur  when  thermochemical  decomposition  rate  measurements  are  taken 
from  the  decay  phase  portion  of  the  entire  ambient  pressure  decomposition  process  [30].  In  this 
case,  a  significant  degree  of  intermediate  condensed  phase  products,  produced  during  the  later 
stages  of  the  TNT  decomposition,  react  further  without  undergoing  a  rate-controlling  C-H  bond 
rupture  and  contribute  no  KDIE  difference  (KDIE  =  1.00)  between  TNT  and  TNT-a-d3.  Thus, 
the  KDIE  obtained  in  the  late  decay  portion  of  the  TNT  decomposition  process  (KDIE  =  1.35)  is 
diluted  from  that  found  early  during  the  induction  period  when  the  initial  catalytic  product(s) 
(possibly  2,4-dinitroanthranil  or  methyl  group  oxidized  compounds)  form  via  a  rate-controlling 
C-H  bond  rupture  (KDIE  =  1.66)  [30].  It  has  been  shown  that  greater  than  90%  of  TNT  can 
decompose  before  the  thermochemical  decomposition  process  reaches  the  decay  phase  portion 
[38].  Even  if  only  the  induction  period  portion  of  the  thermochemical  decomposition  process  is 
involved  in  shock  or  impact  initiation,  this  latter  KDIE  dilution  likely  still  would  be  seen  because 
of  the  other  non-differentiating  KDIE  processes  proceeding  at  other  compositional  levels. 

Because  the  only  difference  in  normal  HMX,  RDX,  and  TNT,  and  their  corresponding 
deuterium  labeled  compounds,  comes  from  deuterium  isotope  substitution,  rate-controlling  C-H 
bond  rupture,  seen  in  thermochemical  decomposition,  is  suggested  to  be  a  significant  regulating 
mechanistic  feature  for  shock  detonation  initiation  of  these  explosives.  The  differences  in  the 
flyer  plate  velocity  shock  initiation  reveal  that  the  rate-controlling  step  (C-H  bond  rupture), 
present  during  the  thermochemical  decomposition  process  of  HMX,  RDX,  and  TNT,  also  is 
present  during  their  initiation  train  sequence  to  detonation.  Additional  verification  of  this  fact 
comes  from  the  XPS  detection  of  decomposition  products  on  the  charred  inner  surface  of  hot 
spots  formed  from  sub-initiation  experiments  with  RDX  and  TNT  [43,  44].  In  the  charred  hot 
spot  surface,  the  decomposed  products  fonned  must  involve  the  same  C-H  bond  rupture  as  that 
found  for  the  rate-controlling  step  of  the  thermochemical  decomposition  process  [30,  34,  39]. 
Furthermore,  the  same  products  in  shock  initiated  TNT  residue,  as  those  which  are  produced 
from  the  ambient  pressure  thermochemical  decomposition  process  [46,  47],  have  been  reported 
[48],  and  no  condensed  products  were  found  that  could  be  attributed  to  being  formed  from  an 
alternative  C-NCE  bond  rupture.  Only  those  products  which  must  involve  the  rate-controlling  C- 
H  bond  rupture  for  the  TNT  thermochemical  decomposition  process  [30]  were  identified  [48]. 
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This  could  mean  a  competing  C-NO2  bond  rupture  is  not  highly  prevalent  in  TNT  shock 
initiation,  or  that  resultant  intermediate  condensed  phase  products  produced  from  this  C-NO2 
homolysis  reaction  channel,  are  unstable  enough  that  they  continue  reacting  to  form  only  gas 
phase  products.  Finally,  high  pressure  diamond  anvil  studies  of  nitromethane  (CH3NO2) 
decomposition  at  7  GPa  pressure,  not  only  shows  it  to  be  more  sensitive  to  explosive  initiation  in 
certain  crystalline  orientations,  but  also  reveals  that  deuterium-labeled  nitromethane-d3 
(CD3NO2)  fails  to  explode  under  any  similar  condition  [15].  This  behavior  further  illustrates 
how  energetic  material  sensitivity  can  be  altered  and  decreased  by  slowing  the  kinetically 
governed  rate-controlling  step,  and  resultant  thermochemical  decomposition  energy  release  rate 
by  deuterium  substitution. 

Clearly,  an  energetic  material  is  desensitized  by  deuterium  labeling  which  can  cause  a  KDIE 
response.  As  shown  by  the  shock  induced  detonation  response  of  TNT,  HMX,  and  RDX, 
thermochemical  decomposition  is  related  to  initiation  sensitivity  of  an  energetic  material  because 
it  is  part  of  an  initiation  train  sequence  that  produces  catastrophic  events  [1].  Slowing  the  rate  of 
the  global  thermochemical  decomposition  process,  and  the  rate  of  energy  release,  can  decrease 
the  initiation  sensitivity  threshold  of  an  energetic  material,  but  it  also  can  affect  energetic 
material  performance  characteristics. 

Performance.  A  graphic  example  is  illustrated  by  the  KDIE  results  seen  in  the  high 
pressure  combustion  of  identically  synthesized  HMX/HMX-dx  samples  and  RDX/RDX-d6 
compounds  [24,31].  Burn  rate  measurement  of  HMX  and  HMX-dg  produced  a  KDIE  equal  to 
1.37  at  500  psig  as  well  as  a  KDIE  of  1.60  at  1000  psig.  These  primary  KDIE  values  suggest 
that  the  HMX  combustion  ultimately  is  regulated  by  the  rate-controlling  C-H  bond  rupture  in  the 
rapid  solid  state  HMX  thermochemical  decomposition  process  which  is  part  of  the  entire  multi¬ 
faceted  combustion  phenomenon  [24].  This  rate-controlling  mechanistic  feature  reduces 
combustion  performance  characteristics  by  significantly  lowering  the  HMX  burn  rate.  An 
analogous  burn  rate  investigation  of  RDX  and  RDX-d6  also  provided  a  primary  KDIE  response 
where  the  bum  rate  of  RDX  was  significantly  faster  than  its  RDX-d6  analogue  [31]. 

Concerning  the  effect  of  thermochemical  decomposition  on  explosive  perfonnance,  a  laser 
induced  rapid  decomposition  experiment  with  solid  state  RDX  further  provides  some  relevant 
information.  This  experiment  shows  that  the  more  energy  placed  into  the  RDX  sample  by  a  laser 
pulse  of  specific  time  duration,  the  lower  is  the  molecular  weight  of  the  product  gases  produced 
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[49].  Lower  molecular  weight  gases  result  from  a  more  complete  thermochemical  decomposition 
process  occurring  within  a  specific  segment  of  time.  Within  this  laser  pulse  time  period,  a  higher 
amount  of  energy  placed  into  the  RDX  sample  produces  more  rapid  kinetically  governed 
chemical  reaction  sequences  and  a  resultant  faster  rate-controlling  step  which  drives  the 
thermochemical  decomposition  process  to  a  greater  degree  of  completion.  A  more  complete 
thermochemical  decomposition  generates  a  higher  rate  of  energy  release  where  more  energy  is 
available  to  drive  the  detonation  wave  front  during  an  initiation  train  sequence. 

This  observed  dependence  of  energetic  material  high  energy  performance  on  the  energy 
release  or  generation  rate  of  the  thermochemical  decomposition,  like  that  exhibited  in  high 
pressure  combustion  and  detonation,  is  further  supported  by  a  theoretical  investigation  conducted 
on  solid  phase  nitromethane  [13].  Calculations  show  that  an  increase  in  the  bond  dissociation 
energy  by  3.45  kcal/mol  (14.4  kJ/mol)  behind  the  detonation  wave  front  would  decrease  by  30 
kcal/mol  (125.5  kJ/mol)  the  energy  of  the  chemical  species  which  drive  the  detonation  wave 
front.  Thus,  with  the  rate  of  energy  generation  reduced  by  an  increase  in  bond  dissociation 
energy,  the  velocity  of  the  wave  front  is  decreased  which  ultimately  is  reflected  in  a  lower 
detonation  velocity.  Slowing  the  kinetics  of  the  bond  dissociation  in  the  rate-controlling  step, 
during  a  thermochemical  decomposition  process,  decreases  the  amount  and  rate  of  energy  being 
generated  to  drive  the  detonation  wave  front.  This  results  in  a  decrease  in  wave  front  velocity  as 
it  moves  through  the  energetic  material  during  its  finite  initiation  time  period  and  gives  a  lower 
measured  detonation  velocity.  In  condensed  phase  energetic  material  initiation,  the  energy  to 
drive  the  detonation  wave  front,  ultimately  is  derived  from  the  thermochemical  decomposition 
process  and  is  controlled  to  a  significant  extent  by  the  rate  at  which  decomposition  proceeds. 
Thus,  the  kinetically  governed  rate-controlling  step  in  the  thermochemical  decomposition 
process  impacts  the  resultant  detonation  velocity. 

Because  gas  phase  decomposition  reactions  proceed  more  rapidly  than  those  in  the  condensed 
phase,  the  energy  available  to  drive  the  detonation  wave  front  ultimately  depends  upon  the 
kinetically  governed  reaction  rates  during  the  condensed  phase  thermochemical  decomposition 
process.  A  decrease  in  the  rate  of  the  global  thermochemical  decomposition  process,  by  a  rate¬ 
controlling  deuterium  atom  substitution,  ultimately  reduces  the  measured  detonation  velocity  of 
an  energetic  material.  The  KDIE  energy  difference  between  a  rate-controlling  C-H  and  C-D 
bond  rupture  (dissociation)  during  the  condensed  phase  thermochemical  decomposition  process 
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is  2.3  kcal/mol  (9.6  kJ/mol).  As  a  general  linear  approximation  for  the  reported  theoretical 
calculations  [13],  the  bond  dissociation  energy  increase  of  2.3  kcal/mol  (9.6  kJ/mol)  in  the  rate¬ 
controlling  mechanistic  step  of  the  condensed  phase  thermochemical  decomposition  would 
decrease  the  energy  driving  the  detonation  wave  front  by  20  kcal/mol  (83.7  kJ/mol)  [1]  and  result 
in  a  reduced  detonation  velocity.  This  velocity  decrease  in  the  detonation  wave  front,  while 
effecting  some  degree  of  desensitization,  also  decreases  energetic  material  perfonnance,  as 
experimentally  verified,  by  the  lower  detonation  velocity  reported  [32].  The  rate-controlling 
feature  inherent  with  the  TNT  thermochemical  decomposition  process  (C-H  bond  rupture)  [30] 
effects  the  detonation  performance  of  the  TNT  energetic  material  [33,  48]. 

Returning  to  the  shock  initiation  studies  conducted  with  TNT  and  TNT-a-d3  [33],  KDIE 
evidence  is  seen  where  the  molecular  level  rapid  thermochemical  decomposition  component  of 
the  detonation  phenomenon  affects  the  detonation  perfonnance.  The  slower  rate-controlling  C-D 
bond  rupture  in  TNT-a-d3  reduces  the  rate  at  which  the  thennochemical  decomposition  process 
proceeds,  which  in  turn,  produces  a  statistically  significant  lower  detonation  velocity  (6.145 
mm/psec)  for  TNT-a-d3  compared  to  nonnal  TNT  (6.431  mm/psec  -  the  average  of  two  control 
runs).  This  resultant  detonation  velocity  gives  a  TNT  /TNT-a-d3  ratio  equal  to  1.05  which  is 
similar  to  the  analogous  inversely  related  TNT-a-d3/TNT  ratio  of  1.11  found  for  the  flyer  plate 
initiation  velocity.  These  very  similar  ratios  suggest  that  kinetic  control,  reflected  by  the  KDIE 
response  of  TNT,  plays  a  major  role  in  its  resultant  detonation  performance  [50].  Thus,  not  only 
is  initiation  sensitivity  affected  by  the  rate  at  which  rapid  thennochemical  decomposition 
proceeds,  but  detonation  perfonnance  also  shows  a  dependence  on  the  kinetically  governed  rate¬ 
controlling  step  (C-H  bond  rupture)  which  regulates  the  rate  at  which  the  rapid  thennochemical 
decomposition  process  proceeds. 

Summary 

The  initiation  of  an  energetic  material  to  a  high  energy  catastrophic  event  is  a  complex 
sequential  chain  of  interacting  mechanistic  processes.  These  processes  begin  at  the  macroscopic 
or  bulk  compositional  level,  and  sequentially  move  into  the  microscopic  crystalline  level,  then 
into  the  sub-microscopic  molecular  and  atomic  levels,  until  final  gaseous  products  and  a 
concomitant  energy  release  are  observed  at  the  bulk  level  (Figure  1).  The  mechanistic  processes, 
which  comprise  this  sequential  initiation  train,  must  occur  within  a  finite  time  period  at  a  rate 
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which  produces  enough  energy  to  reach  the  required  detonation  threshold.  Not  achieving  this 
rate  dependent  initiation  threshold  results  in  desensitization  or  lower  performance  characteristics 
for  a  given  energetic  material.  Thus,  energetic  material  initiation  sensitivity  and  perfonnance  are 
defined  in  part  by  mechanistic  rates. 

The  mechanistic  processes  in  the  initiation  train  sequence  have  three  functions.  The  first 
function  is  to  form  the  physical  environment  (defects)  and  use  the  existing  defects  at  the  bulk 
compositional  level  where  subsequent  mechanistic  functions  can  proceed.  The  second  function 
involves  the  crystalline  level  where  mechanistic  processes  generate,  transfer,  and  concentrate 
heat  energy  and  effect  non-thermal  radical  species  formation  in  newly  formed  defects  to 
introduce  hot  spots.  The  third  function  occurs  at  the  molecular  and  atomic  levels  beginning  in 
the  newly  formed  hot  spots.  Here,  kinetically  controlled  condensed  phase,  and  later  gas  phase, 
thermochemical  decomposition  processes  release  the  energy  and  form  the  species  at  a  sufficient 
rate  needed  to  achieve  initiation  and  to  sustain  the  catastrophic  event. 

Elucidation  of  these  mechanistic  processes  involved  with  energetic  material  initiation  is 
complex  and  difficult.  Use  of  the  kinetic  deuterium  isotope  effect  (KDIE)  approach  in  ambient 
pressure  thermochemical  decomposition  processes  permits  one  to  isolate  and  detennine  the  rate¬ 
controlling  bond  rupture  which  constitutes  the  rate-limiting  mechanistic  feature  of  this  process  at 
the  molecular  level.  Furthermore,  for  given  energetic  material,  KDIE  experiments  conducted 
with  deflagration,  combustion,  and  explosion  phenomena,  reflect  that,  the  same  rate-controlling 
mechanistic  feature  in  the  ambient  pressure  thermochemical  decomposition  process,  also  appears 
as  a  significant  rate  controlling  feature  in  these  higher  order  phenomena.  The  KDIE  approach 
establishes  a  relationship  between  the  thermochemical  decomposition  process  and  both  energetic 
material  initiation  sensitivity  and  perfonnance  characteristics. 

Both  theoretical  and  experimental  KDIE-based  investigations  with  energetic  material 
combustion,  thermal  explosion,  and  detonation  define  the  relationship  of  molecular  level 
energetic  material  thermochemical  decomposition  with  initiation  sensitivity  and  performance.  A 
decrease  in  the  rate  of  energy,  released  or  generated  by  the  thermochemical  decomposition 
process,  will  decrease  initiation  sensitivity  and  performance.  When  deuterium  labeling  of  an 
energetic  compound  introduces  a  kinetically  governed  rate-controlling  chemical  bond  rupture, 
and  this  bond  rupture  regulates  a  slower  energy  release  rate  in  the  resultant  thermochemical 
decomposition  process,  lower  initiation  sensitivity,  slower  bum  rates,  and  reduced  detonation 
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velocity  result.  Thus,  the  rate-controlling  step  of  molecular  level  thermochemical  decomposition 
exerts  a  significant  impact  on  energetic  material  sensitivity  and  performance  behavior. 
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release  rate,  and  a  resultant  total  energy  available  to  drive  the  initiating  shock  wave; 
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TNT/TNT-a-ch  ratio  (6.431  /6.145  =  1 .05).*-33-'  These  similar  values  likely  suggest  that  kinetic 
control  is  the  major  contributor  to  the  reduced  detonation  velocity  found. 
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Figure  1.  A  General  Concept  Concerning  Energetic  Material  Sensitivity  and  Initiation  [1], 
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Figure  2.  Schematic  of  Complex  Thermochemical  Decomposition  Process  with  Rate- 
Controlling  Step  (RCS)  and  Resultant  Experimentally  Measured  Global  KDIE. 
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